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Abstract 
An IC-compatible technique for photonic crystal sensors is presented here to fabricate dense arrays of high aspect ratios 
nanopillars, which are made of extremely hard materials that are difficult to shape, such as TiO2. This technique, called Atomic 
layer deposition ARrays Defined by Etch-back technique (AARDE), can significantly reduce direct bombardment on the 
functional surfaces and allows the precise control of the size of the densely spaced high pillars. A case study of an array of 1μm
pitch and 1.7μm high TiO2 pillars is investigated. Starting from 145 nm radius Si rods, the pillars are coated with a 78 nm thick 
ALD TiO2 layer and subsequently uncapped by a short time plasma etching. The exposed Si cores are then removed and a second 
ALD deposition is used to refill the opened holes and extend the pillar radius to the desired value. 
© 2010 Published by Elsevier Ltd. 
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1. Introduction 
A photonic crystal is a lattice-like material in which different dielectric constants vary periodically [1]. By 
carefully designing and constructing the photonic crystals, one can control light propagating in certain directions 
with specified frequencies. The interesting property of photonic crystals is that a slight change in the refractive index 
of the medium will lead to a sharp change in transmission of the light in certain wavelength ranges. This feature is a 
clear advantage for sensing operation since it is simple to detect. Fig. 1 shows a schematic example for sensing 
applications. The photonic crystal waveguide is formed by a triangular lattice of rods in which one row of rods is 
removed. Such rods should have a relatively high refractive index compare to the fluid (gas or liquid) that to be 
detected. The index difference between the rods and the fluid, the size of the rods and the geometry of the lattice 
determine the band gap of the photonic crystal, and hence, the working wavelength ranges of the device. When one 
kind of fluid flows into the properly designed photonic crystal sensor, it can be distinguished by the transmittance 
contrast.  
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Fig. 1. Schematic drawing of the photonic crystal sensor and its functional waveguide. 
Because of its unique characteristics, such as high refractive index, transparent in both visible and UV regions 
and exceptional chemical stability, titanium dioxide is a promising material which is widely used in optical coatings, 
antireflection coatings, optical waveguides and optical waveguides, etc [2]-[4]. However, this rigid and stable 
material is difficult to etch into dense and high aspect ratio structures. Generally, very high power and long time 
plasma etching is needed to form the patterns [5]. Such process often harms the quality of the functional sidewalls 
and requires another more stable material as the mask material for the fine structures. Therefore, it is of importance 
to find a better way to shape the TiO2 nanostructures. 
Among all deposition techniques, atomic layer deposition (ALD) allows precise and simple thickness control, 
excellent conformity along the substrates, high uniform thickness across the whole wafer and the ability to deposit 
films into ultra-high-aspect-ratio nanopores [6]-[8].  
Instead of direct etching, an alternative method to fabricate high aspect ratio TiO2 nanopillars is proposed here. 
This IC-compatible method, called ALD ARrays Defined by Etch-back technique (AARDE), allows an easy control 
of the size of the densely spaced high pillars.  
2. Method and experimental 
Fig. 2 illustrates the main process steps of the AARDE technique. The idea was to make use of Si to form the 
high aspect ratio and dense pillar arrays templates, and by combining the conformal and uniform ALD technique to 
‘deposit’ the TiO2 pillars other than to ‘etch’ the TiO2. A first ALD TiO2 layer with sufficient thickness was 
deposited on the Si rods as the framework of the final pillars. After ALD deposition, the wafers were subjected to a 
short plasma etching to open the top part of the pillars and to remove the TiO2 on the regions in between the pillars, 
so that the original Si rods could be exposed to the subsequent etchants. The original Si cores were then removed 
and refilled by TiO2.  The second ALD deposition not only could fill in those open holes, but also could extend the 
pillar radius to the desired value. A short TiO2 etch-back step could be required to isolate the rods from each other 
and acted as a treatment to improve the quality. In total, only twice short plasma etchings were specially and 
effectively implemented on TiO2. The removed thickness was just a little bit more than one forth of the final 
diameter of the pillars (depending on the thickness of the first ALD TiO2 films). 
Fig. 2. Process diagram of the AARDE technique. 
The nanopillars with the pitch of 1 ȝm were patterned by ASML PAS 5500/80 stepper and EVG 120. ALD layers 
were deposited from titanium tetrachloride (TiCl4) and de-ionized water (H2O) using an ASM F-120 reactor. The 
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deposition was carried out at 300 oC. Cycle length was 7 seconds, including 2 seconds and 3 seconds purge pulses 
after TiCl4 and water pulse time, respectively. The growth rate of TiO2 was 0.5 Å/cycle. All etching processes were 
finished in Trikon Omega 201 ICP etcher. To clarify the possibility of direct shaping of TiO2, the etch rates of TiO2
and the selectivity of Si, SiO2, spr_3012 (PR 1) and spr_3017M (PR 2) compares to TiO2 were investigated with two 
ICP etching recipes (Recipe 1 with SF6 gas flow and high RF power of 125 W; Recipe 2 with SF6/O2 gases flow and 
RF power of 50 W). A Phillips FE-SEM (XL-50) was used to obtain and analyze the structural details in every 
process steps. The surface roughness of the planar TiO2 film was studied with an AFM system (NTEGRA platform 
(NT-MDT)). 
3. Results and discussion 
To address the difficulty of direct shaping of TiO2, the etch rates and selectivity data are listed in Table 1. All of 
the data were obtained from planar films or substrates and with simply open widows of 10 × 10 mm. Although an 
extremely high power was used in recipe 1, the etch rate of ALD TiO2 was still much less than Si, PR 1 and PR 2. 
When exposed to Recipe 2 for fast and anisotropic Si etch,TiO2 had an even lower etch rate of less than 1 nm/sec, 
while Si had an average etch rate of 70.0 nm/sec. This study clearly shows that it is really hard to use typical IC-
compatible materials as mask layers. At least relevant heights of masking layers (e.g. SiO2) are required for 
protecting the patterns. Even in such cases, the anisotropic etching of high and densely spaced TiO2 pillars is still 
difficult, since the aspect ratio during etching is at least doubled.
Table 1. Etch rates and selectivity 
Selectivity (compares to TiO2)TiO2 etch rate 
(nm/sec) Si SiO2 PR 1 PR 2 
Recipe 1 6.0 6 1 3 3 
Recipe 2 < 1 >70 1 4 4 
The AARDE process started with the fabrication of 1.78 μm high Si pillars with 1 μm pitch and 145 nm radius 
by anisotropic plasma etching (Fig. 3 (a), etch rate was 50 nm/sec). The Si pillars are then coated with a 78 nm thick 
ALD TiO2 layer (Fig. 3 (b)). After ALD deposition, the wafers are subjected to a 15 seconds plasma etching with 
Recipe 1 to open the top part of the pillars and to remove the TiO2 on the regions in between the pillars. The Si cores 
in the pillars can be clearly seen in Fig. 3 (c).  
Fig. 3. SEM photos of AARDE process. The inner image shows the AFM picture of 43 nm thick planar TiO2 film. 
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The Si inside the cylinders is subsequently etched with Recipe 2, leaving the free standing TiO2 frameworks (Fig. 
3 (d)). No significant height changes were observed before and after the Si core rods removal. When rotating or 
tilting the sample, the vague outlines of the back pillars could be seen through the transparent TiO2 cylinders by 
SEM. A second ALD deposition of 128 nm thick TiO2 was carried out to refill the opened holes and to extend the 
pillar radius (Fig. 3 (e)). A gap of about 40 nm was intended to be left in the middle of the pillars for further 
investigations. It was found that the crystallization effect for the thick ALD TiO2 layers was so clear that the surface 
undulation could be easily seen. Our AFM analysis confirmed that the roughness increased with the layer thickness. 
In samples with 43 nm thick ALD TiO2 films, crystal grains were also found but the RMS roughness was just 3.3 
nm. Indeed, it has been reported that TiO2 might easily crystallize during deposition. If the film was amorphous, the 
surface was relatively flat; once the film began to crystallize, the film became rougher and the surface roughness 
usually increased with deposition temperature and film thickness [4], [9]-[10]. This problem could be solved by 
adjusting the deposition parameters and/or using post-deposition treatments. Fig. 3 (f) shows for example a plasma 
treatment. The surface quality of the pillars improved remarkably. 
4. Conclusion 
An IC-compatible method, called AARDE technique, is presented for photonic crystal sensing applications. The 
idea is to ‘deposit’ rather than ‘etch’ the rigid materials into pillars. By using such technique, it is easy to fabricate 
dense arrays of nanosize TiO2 rods with high aspect. A case study of 1 μm pitch and 1.7 μm high ALD TiO2 pillar 
arrays demonstrates the process. Results show that TiO2 pillars were successfully fabricated from straight Si rods 
with less direct bombardments on the functional surface, indicating AARDE is a promising technique for 
nanotechnology and MEMS applications. 
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